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Persistent-Current Qubit
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• Niobium persistent-current (PC) qubit
– Three-junction loop, one junction smaller by factor α
– Double-well potential profile (tuned by frustration)
– States: opposite circulating current

• Qubit readout via DC SQUID magnetometer
– Magnetic field due to circulating current in qubit

J.E. Mooij, T.P. Orlando, et al., Science, 285, 1036 (1999)

5µm

qubit

SQUID

Φext

1

2
z xH εσ σ = − + ∆ 

Sample fabricated at MIT-LL

Energy

Frustration [Φ/Φ0]
0.5

0 ∆



Qubit and Readout Parameters
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• Three-junction qubit
– JJ size:                        0.58, 0.65 µm
– Loop area:                      16 x 16 µm2

– Loop inductance:                   40 pH
– Circulating current:               0.4 µA 

• DC SQUID readout
– JJ size:                                  1.3 µm
– Capacitors:                              1  pF
– Loop area:                      20 x 20 µm2

– Loop inductance:                   50 pH
– Mutual inductance:                20 pH
– Critical current:                        5 µA 
– Critical curr. density:     1.5 µA/µm2



Microwave Spectroscopy: Pulses

1. Preparation: just wait for equilibration (~ 5 ms)

3. Pulse SQUID Current ISQ

2. Apply Microwave Pulse τp = 10 ~ 100 µsec

ν = 1 ~ 20 GHz

4. Repeat to gather statistics. Vary qubit frustration and SQUID pulse amplitude 
to  form qubit switching cumulative distribution function.
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Cumulative Distribution Function: 
 Weakly-Driven limit, 3.25 GHz 
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Will Oliver (MIT-LL)

T= 25 mK
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PC Qubit Energy Band Structure

• Simulation Parameters
– 0.58, 0.65 mm JJs 
–  α ~ 0.8

• Spectroscopy data
– 15 mK @ MIT

Energy Band Diagram of MIT-LL PC-Qubit: 
1-20 GHz 

SimulationExperiment
 Avoided Crossing



Outline

• Multi-photon, Multi-level Spectroscopy and 
Rabi Oscillations 

• Mach-Zehnder Interferometry, Bessel Ladder



Multi-photon, Multi-Level Transitions
 Weakly-Driven Limit, ν = 9.9 GHz

• 1D switching probability
– Resonance position

– |∆ν|/|∆f | = 1/n GHz/mΦ0

 n = photon number

– Energy band diagram

• E0 to E1, E4 

– I: single-photon
– IIa: two-photon
– III: three-photon

• E1 to E2

– IIb: two-photon
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T1 Measurement Examples

delay timeµ-waves readout SQUID pulse
P

sw

Delay Time (µs)

τ ~ 10 - 100 µs



Multi-photon, Multi-level 
Rabi Oscillation

Experimental Energy Band Diagram

(f-1/2) in mΦ0

(f-1/2) in mΦ0
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∆ ~ 20 MHz: JJs too large
Require deep submicron JJs

Three-photon Rabi Oscillation Data
Ground to Fourth Excited State

A

B

C

• Drive levels A and B

• Level B also couples to level C

• Narrow window of amplitudes / Rabi oscillations 
– Multi-photon, multi-level dynamics
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Outline

• Multi-photon, Multi-level Spectroscopy and Rabi 
Oscillations 

• Mach-Zehnder Interferometry, Bessel Ladder



Mach-Zehnder Interferometery

Strong harmonic driving: Two Landau-Zener transitions / period

Resonance condition:   ∆ϕ = 2πn

MZ interference phase: ∆θ12

∆ϕ ∆ϕ ∆ϕ



Features

• Mach-Zehnder Interferometry
– Two paths in qubit phase space, not position space
– Landau-Zener transition as beamsplitter
– Decoherence --> use high driving frequency
– Multiphoton resonances

• Physics
– Quantum coherence: oscillations with RF power
– Similar to Stuckelberg oscillations (recurrent LZ transitions)
– MZ fringes described by Bessel ladder
– Use to find RF power on the sample, similar to Rabi osc



Landau-Zener transition as beamsplitter

This work: high driving frequency, nonadiabatic LZ transitions



Observation of Multiple Resonances

Flux (magnet current in µA) Flux (magnet current in µA)

ν = 1.2 GHz, -6 dBm ν = 1.2 GHz

(data not taken this region)



n-photon Transitions

Qubit Energy Band Diagram
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Two-Level System Dynamics:
Strongly-Driven Limit

Two-level system 
coupled to a 
classical RF field 
within the resonance 
approximation:
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Small RF amplitude limit:

Large RF amplitude limit: ( ) ( )n nJλ λ∆ = ∆ n-photon resonances

Primary resonance

Generalized Rabi frequency: ( ) ( )n nJλ λΩ ∝ ∆

Spectroscopy-peak area:

Nakamura and Tsai, J.Supercond. 12 (1999)

Nakamura et al., PRL 87 (2001)

this work



Resonances 1 – 9, 19
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Bessel Function: n=4

Microwave Voltage (Vrms)
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f = 1.2 GHz, n=4 resonance
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Summary

•

• Physics
– Quantum coherence: oscillations with RF power
– Stuckelberg oscillations in a qubit
– MZ fringes very well described by Bessel ladder
– Use to find RF power on the sample, similar to Rabi osc

• Applications
– Test two-level qubit model at strong driving
– Moire patterns due to higher level anticrossings
– Nonadiabatic control at recurrent LZ transition


